Background/Objectives: Fetal energy demands are met from the oxidation of maternally supplied glucose and amino acids. During the fasted state, the glucose supply is thought to be met by gluconeogenesis. Underweight women with low body mass index (BMI) might be unable to adequately supply amino acids to satisfy the demands of gluconeogenesis. Subjects/Methods: Glucose kinetics were measured during the first and second trimesters of pregnancy in 10 low-BMI and 10 normal-BMI pregnant women at the 12th hour of an overnight fast using a primed 6 h U-13 C glucose infusion and was correlated to maternal dietary and anthropometric variables and birth weight. Results: Low-BMI mothers consumed more energy, carbohydrates and protein, had faster glucose production (R a ) and oxidation rates in the first trimester. In the same trimester, dietary energy and carbohydrate correlated with glucose production, glycogenolysis and glucose oxidation in all women. Both groups had similar rates of gluconeogenesis in the first and second trimesters. Glucose R a in the second trimester was weakly correlated with the birth weight (r ¼ 0.4, P ¼ 0.07). Conclusions: Maternal energy and carbohydrate intakes, not BMI, appear to influence glucose R a and oxidation in early and mid pregnancy.
Introduction
The prevalence of low birth weight (LBW) is high in Indian babies (Chhabra et al., 2004) and is a significant contributor to neonatal morbidity and mortality (Bang et al., 2005) . The majority of LBW infants in India and most developing countries are small for gestational age (SGA) and a compromised maternal nutritional status (de Onis et al., 1998; ACC/ SCN, 2000) . Maternal dietary energy and protein deficiency is also associated with intrauterine growth retardation (WHO, 1995; Kramer, 2002) .
There is evidence that maternal glycemia, particularly the 1 h glycemic response to a glucose load, is related to birth weight even within the normal fasting glycemic range in women with a normal range of body mass index (BMI; Ong et al., 2008) . In addition, fasting plasma glucose levels in late pregnancy have been shown to be related to both maternal lean body mass and infant size in nondiabetic women (Farmer et al., 1988; Langhoff-Roos et al., 1988) . Studies have shown that increased fetal energy demands are exclusively met from the oxidation of glucose and amino acids (Langhoff-Roos et al., 1988; Hay, 1989) , whereas a substantial component (about 40%) of fetal energy demand is met through amino-acid oxidation (Jackson, 1994) , a greater proportion of this demand is met through increased maternal glucose production and gluconeogenesis in normal healthy women (Kalhan et al., 1982 (Kalhan et al., , 1997 Catalano et al., 1993 Catalano et al., , 1999 . The greater need for amino acids for either gluconeogenesis, or for direct oxidation, may be met, in part, by decreased protein oxidation and perhaps by increased protein breakdown, independent of dietary protein intake (Duggleby and Jackson, 2002) . It has been reported that protein turnover increases to a greater extent in pregnant women whose BMI exceeds 25 kg/m 2 compared to those with lower BMI (Duggleby and Jackson, 2001) , indicating that endogenous amino-acid supply is directly related to maternal BMI. Because most of the endogenous amino-acid supply is from protein breakdown (Gibson et al., 2002) , we hypothesized that low-BMI pregnant women would be unable to satisfy the demands of gluconeogenesis due to a limited amino-acid and glycerol supply secondary to smaller fat and protein mass. On the other hand, it is also possible that because the traditional Indian diet is high in carbohydrate, there might be adequate maternal glycogen stores for glucose production through glycogenolysis. Because studies measuring glucose kinetics have not been performed in pregnant Indian women with high habitual carbohydrate intakes, the present study was designed to measure glucose kinetics at the end of the first and second trimesters of pregnancy, in low-and normal-BMI women.
Materials and methods
The study was conducted at the obstetrics ward of St John's Medical College Hospital (SJMCH) Bangalore, and approved by the institutional ethical review board of SJMCH. Written consent was obtained from each study participant at enrollment.
Subjects
A total of 20 pregnant women, 10 low BMI (p18.5 kg/m 2 ) and 10 normal BMI (418.5 and p25 kg/m 2 ), below 13 weeks of gestation were recruited from the obstetrics and gynecology department at SJMCH. Women with multiple pregnancies, those with a clinical diagnosis of chronic illness, or positive for hepatitis B surface antigen, HIV or syphilis were excluded. Routine antenatal care (folic acid, iron, calcium supplements and tetanus toxoid) and tests were provided.
Sociodemographic and anthropometric data
At the baseline visit, the subject's age, obstetric history and socioeconomic status (education of the mother) were recorded. Gestational age was assessed by last menstrual period and confirmed by an ultrasonographic measurements using Toshiba Just Vision 200 (Toshiba, Tokyo, Japan) within 2 weeks of the initial visit and again closer to the time of delivery. Body weight was recorded at each trimester visit on digital balance (Soehnle, Darmstadt, Germany) to the nearest 100 g and height by a stadiometer to the nearest 0.1 cm. Biceps, triceps and subscapular skinfolds were measured to the nearest 0.2 mm, using skinfold calipers (Holtain, Crymmych, UK), for the prediction of body density (Durnin and Wormesely, 1974 ) from which, body fat and fatfree mass (FFM) were estimated in the first trimester (Siri, 1961) . Birth weight was measured to the nearest 10 g on a standard beam balance and LBW was defined as birth weight o2500 g. SGA was defined as birth weight below the 10th centile of the gestational age according to the standards of the WHO (World Health Organization).
Dietary methods
A food frequency questionnaire (FFQ) was used by interviewer during each trimester visit to obtain the habitual dietary intake for the preceding 3 months. The FFQ was adapted from one developed for the region (Vaz et al., 2007) and was earlier validated against 24 h food recalls during each of the three trimesters of pregnancy in 100 subjects.
Tracer infusion protocol
All subjects were studied after a 12 h fast on two occasions, at the end of the first (12±1 weeks of gestation) and second trimester (24 ± 1 weeks of gestation). Subjects were admitted to the obstetrics ward in the evening and ate a habitual diet dinner at 1900 hours. After 6 h, an intravenous catheter (Jelco, 22 gauge; Medex Medical Ltd., Lancashire, UK) was inserted into the antecubital vein of one arm for the infusion of isotopes whereas another catheter was inserted in an antiflow direction into the dorsal vein of the contra lateral hand for drawing blood samples. This cannula was kept patent with a slow sodium chloride injection i.p. drip, 0.9 (W/V).
Sterile solutions of NaH
13
CO 3 and U-13 C 6 glucose (Cambridge Isotope Laboratories, Woburn, MA, USA) were prepared in sodium chloride injection i.p., 0.9 (W/V). A primed (4 mmol/kg) continuous infusion of NaH 13 CO 3 was started and maintained at the rate of 0.066 mmol/kg per min for 2 h. At the end of 2 h, the NaH 13 CO 3 infusion was stopped, a 5 ml blood sample was taken and a primed (48 mmol/kg) continuous infusion of U-13 C 6 glucose was immediately started at a rate of 0.8 mmol/kg per min for the next 6 h. Three breath samples were collected in the last 75 min of the NaH 13 CO 3 infusion with an interval of 15 min.
Similarly, during the last 75 min of U-13 C 6 glucose infusion, three breath and a blood samples were collected.
Laboratory analysis
Blood was drawn and placed in prechilled tubes containing sodium fluoride and potassium oxalate, centrifuged at 4 1C and the plasma was removed and stored at À80 1C. Plasma glucose concentrations were measured using a glucose analyzer (YSI, Yellow Springs, OH, USA). The plasma glucose tracer/tracee ratio was measured by positive chemical ionization gas chromatography mass spectrometry on its pentaacetate derivative, monitoring ions from m/z 331 to 336 (Balasubramanyam et al., 1999) . To facilitate mass isotopomer distribution analysis (MIDA) of plasma glucose (Haymond and Sunehag, 2000) , the tracer/tracee ratios of the U-13 C 6 glucose tracer and natural glucose were also measured monitoring ions from m/z 331 to 339. The breath samples were analyzed in duplicate for 13 C abundance in carbon dioxide by gas-isotope-ratio mass spectrometry (Europa Scientific, Crewe, UK), monitoring ions at m/z ratios 44 and 45 as previously described (Kurpad et al., 1998) .
Calculations
Total glucose production (rate of appearance, R a Glu) was calculated by the steady-state equation:
Total R a Glu ðmmol=kg perminÞ
¼
Tr=tr ratio of infused glucose ðmole%Þ Tr=tr ratio M þ 6 ðdelta over baselineÞ plasma glucose Âi where i is the tracer infusion rate and M þ 6 refer to the uniformly labeled mass isotopomer of plasma glucose at steady state. Endogenous R a Glu was obtained by subtracting rate of infusion of labeled glucose.
Under steady-state conditions R a Glu would be equal to R d Glu (rate of disappearance). Hence, glucose clearance (ml/ kg per min) ¼ R a Glu/plasma glucose concentration.
The fractional rate of gluconeogenesis (GNG) was calculated according to the reciprocal pool model (Haymond and Sunehag, 2000) using the MIDA of plasma glucose. This method is based on the assumption that (1) labeled and unlabeled glucose are metabolized identically; (2) during infusion of [U- 13 C]glucose at a constant rate, substrate and isotopomer steady state is approximated; (3) entry and exit of labeled glucose from hepatic glycogen are equal and constant; (4) the only source of [ 13 C 6 ]glucose is from the exogenous, infusion of tracer, that is, the probability of a,AQ [ 13 C 6 ]glucose being formed from two 13 C 3 molecules at, the triose phosphate level of gluconeogenesis is negligible; (5) accurate measurement of all isotopomers can be made and appropriately corrected for natural abundance and the isotopomer distribution of the infused tracer; (6) 13 CO 2 fixation is assumed to be negligible.
where S M1-M5 ( 13 C) represents the sum of all glucose molecules labeled with 13 C on carbons 1-5 (that is, those labeled molecules arising from gluconeogenesis), S M1-M6 ( 13 C) represents those molecules with 13 C on carbons 1-6 (that is, those labeled molecules arising from gluconeogenesis and the infused tracer), S M1ÀM5 ( 12 C) and ( where R a CO 2 is the rate of appearance of CO 2 measured by the dilution of infused NaH 13 CO 3 , S M1-M6 M i the enrichment of glucose (sum of enrichment of all 13 C mass isotopomers of glucose weighted by the number of 13 C in each isotopomer) and breath 13 CO 2 enrichment that measured during the last hour of U-13 C glucose infusion.
Statistics
The data are reported as mean ±1 standard deviation. Differences between groups of subjects were assessed by the two-sample t-test. Whole-body kinetics were compared between groups using analysis of covariance with the weight in the corresponding trimester as the covariate. Differences within groups, between trimesters were assessed by the paired t-test. Tests were considered statistically significant if Po0.05. Correlations between measured kinetic variables and subject characteristics were performed using the Pearson's correlation, whereas multiple linear regression was carried out to assess the effects of the endogenous glucose R a in the second trimester on birth weight after adjusting for baby gender, maternal weight at recruitment and the gestational age at birth. Data analysis was performed with SPSS software (version 13; SPSS Inc., Chicago, IL, USA).
Results
The characteristics of the subjects are presented in Table 1 . Most of the subjects were primiparous, and one woman in each group had premature delivery (35th and 36th weeks in the normal-and low-BMI groups, respectively) followed by death of the baby. Because this occurred after the second trimester experiment, glucose kinetics data from these two subjects were included in the analysis; further, removing these data from the database did not change the results.
In the first trimester, the low-BMI group had significantly higher energy intakes expressed per kg body weight per day (Table 2) , even though they were not given any specific advice about increasing their food intake beyond the normal advice during pregnancy. They had protein and fat intakes that were B40% greater, and carbohydrate intakes that were B46% greater than those of the normal-BMI group women. In the second trimester there were significant reductions in energy, protein and carbohydrate intakes of the low-BMI group compared to their first trimester intakes. The diets of both groups of women were similar and varied. In general both groups of women consumed about 13 types of fruits and vegetables (P40.05 between groups) and about 12 different food preparations with various cereals and legumes over the first trimester (P40.05 between groups). Their milk and meat product/preparation intake was also not different (P40.05) between groups).
The low-BMI women had gestational weight gains that were 50 and 19% greater than those of the normal-BMI women during the second and third trimesters, but these differences did not achieve statistical significance (Table 3) . These observed differences were lower (by about 3-to 5-fold) than would be expected from calculations based on differences in energy intake, because energy expenditure was similar between the groups. This discrepancy might have been due to imprecise measurement of energy intake by the FFQ. The physical activity level as measured using a standardized instrument, which records the activity recall of one day, was not different between the low-and normal-BMI mothers. There were no significant differences in gestational age at birth, and one mother of each group had a premature delivery. Similarly, there were no significant differences in birth weight and the number of SGA babies in both the groups although the low-BMI mothers gave birth to only three LBW babies compared to six in the normal-BMI group. Although significant differences in macronutrient intakes existed, none of these intakes correlated with birth weights.
There was no difference in fasting plasma glucose concentration between the groups at the first and second trimesters. In the first trimester endogenous glucose R a was significantly faster in the low-BMI group compared to the normal-BMI group (Table 4) . This difference persisted in the second trimester, but was not statistically significant (P ¼ 0.07; Table 4 ). However, FFM-specific endogenous glucose R a in the first trimester did not show significant differences between the groups. Both groups had similar rates of gluconeogenesis in the first and second trimesters, whether body weight or FFM specific (in trimester 1), and its contribution to endogenous glucose production ranged from a high of 56% by the normal-BMI group in the first trimester to a low of 44% by the low-BMI group in the second trimester. The rate of glycogenolysis was 32% faster in the low-BMI group compared to the normal-BMI group in the first trimester, but this difference was not statistically significant.
In the first trimester weight-specific glucose oxidation was significantly greater in the low-BMI group compared to the normal-BMI group (Table 4 ), but this difference was not significant when expressed per kg FFM. This difference disappeared in the second trimester, as oxidation decreased significantly by B12% in the low-BMI group, but not in the normal-BMI group. Both groups oxidized B85% of all glucose produced in the first trimester and though this decreased by 8 percentage points in both groups in the second trimester, the reduction was only statistically significant for the low-BMI group. There was no difference in Fat-free mass (kg) 34.7 ± 1.7 32.9 ± 1.5 a % Fat-free mass 71 ± 3.7 77.8 ± 2.9 a Hemoglobin (g/100 ml) at first trimester 12.3 ± 0.9 11.9 ± 1.7 Hemoglobin (g/100 ml) at second trimester 10.5±0.8 10.5±1. Glucose kinetics during early and mid pregnancy P Dwarkanath et al plasma glucose clearance between the groups at the first and second trimesters. When all of these kinetics were calculated in terms of unit time there were no differences between the groups (Table 4) .
The rate of gluconeogenesis did not correlate with maternal variable, including anthropometry, BMI or dietary intake. Significant or near-significant correlations are shown in Table 5 . In the first trimester, dietary energy and carbohydrate intakes significantly correlated with glucose R a , glycogenolysis and glucose oxidation in all women. Glucose R a in the second trimester was weakly correlated with the birth weight showing a tendency toward significance (r ¼ 0.4, P ¼ 0.07; Table 5; Figure 1) . In a multiple regression analysis of birth weight, endogenous glucose R a in the second trimester, when adjusted for gender of the baby, early pregnancy maternal weight and gestational age, explained 14% of the variance in birth weight (P ¼ 0.08) in the model. 
Discussion
Changes in carbohydrate, protein and lipid metabolism occur during pregnancy to ensure a continuous supply of nutrients to the growing fetus despite an intermittent maternal food intake (Butte, 2000) . Although maternal energy and protein supplementation during pregnancy have been shown to be beneficial in very marginally nourished women (Ceesay et al., 1997) , in Indian women, it has been difficult to show any relationship between antenatal energy or protein intakes and neonatal size at birth (Rao et al., 2001) . In developing countries, poor maternal nutrition indicated by BMI has been associated with smaller babies (Naidu and Rao, 1994; Fraser et al., 1995) . The WHO has identified low maternal BMI, combined with low gestational weight gain, as a major modifiable risk factor for LBW (WHO, 2002) . Even with adolescent mothers, a gestational increase in their lean body mass predicted the birth anthropometry (Thame et al., 1997 (Thame et al., , 2007 . Hence, body composition and weight gain appear to be key determinants of birth weight, and may work partially through the supply of amino acids for gluconeogenesis in the mother. However, it is not clear as to how important this contribution to glucose production (and birth weight) was in underweight mothers, who ate habitually high-carbohydrate-based diets and presumably had high glycogen stores. Our aim was to assess whether low-BMI women with low FFM would be able to maintain glucose production during pregnancy, and to assess how this occurred. The glucose R a correlated positively and significantly with daily energy and carbohydrate intakes in the first trimester while not correlating with the FFM, suggesting that maternal energy intakes are more relevant contributors to fasted glucose production than the size of the preexisting FFM. However, this correlation was not present in the second trimester, probably because there were no significant dietary differences between the groups and consequently a small spread of dietary intake values. In addition, the gluconeogenesis rates did not correlate with the FFM and contributed only about half the fasted glucose R a . At the end of the first trimester, the low-BMI women were making glucose 20% faster per kg, than the normal-BMI women and this difference persisted to the end of the second trimester, though the magnitude was reduced to 14%. These differences did not persist for FFMspecific glucose appearance rates, because the differences in FFM between the groups, although significant, were less marked than the weight differences. In addition these differences did not persist for whole-body glucose appearance rates, which might be explained by the different body weights between the groups. Finally, weight-specific glucose production in the second trimester correlated weakly with birth weight, in agreement with earlier findings of a positive correlation between weight-specific glucose utilization and fetal and placental weight (Marconi et al., 1993) , suggesting that glucose-derived energy may be a determinant of birth weight.
Gluconeogenesis rates were measured by MIDA, and although there are different ways of measuring gluconeogenesis, we chose the method of Haymond and Sunehag (2000) because of its excellent agreement with several other methods. Surprisingly, the faster glucose production of the low-BMI group was not due to a faster rate of gluconeogenesis, which was almost identical for the two groups. Rather, according to our data in Table 4 , it can only be explained by faster rates of glycogenolysis, which though 31 and 33% faster compared to the normal-BMI group at the first and second trimesters, did not reach statistical significance. In a recent review of the literature, Nuttall et al. (2008) reported that rate of gluconeogenesis remained remarkably constant under a wide variety of conditions, hence, difference in glucose production was due to different rates of glycogenolysis. Further, in a study using 13 C nuclear magnetic resonance spectroscopy methodology to measure glycogenolysis in vivo, it was reported that contribution of glycogenolysis to glucose production during the early postprandial period in healthy men was B7 mmol/kg per min (Petersen et al., 1996) , which is almost identical to the values reported for both groups of women in this study. Together, these studies indirectly support our contention that the faster rate of glucose production of the low-BMI group of women is due to a faster rate of glycogenolysis. If so, this might be due to larger glycogen stores in women with low BMI compared to those with normal BMI. This is supported by the former's higher dietary carbohydrate intakes, which are usually associated with high glycogen stores (Shetty et al., 1994) . Hence, lean body mass and amino-acid supply for gluconeogenesis from protein breakdown are probably not as important as glycogen stores for fasted glucose production in underweight women with high carbohydrate intakes. The changes in glucose production from first to second trimester observed in the present study are similar to those reported earlier (Assel et al., 1993; Kalhan et al., 1997) . However, the weight-specific glucose production rates in our Indian study participants were 16% higher in the first trimester and by about 20% in the second trimester, when compared to similar BMI American women (Assel et al., 1993; Kalhan et al., 1997) . The difference was even greater in the low-BMI women of the present study, ranging from 29% higher in the first trimester to 37% higher in the second trimester compared to the values of the normal-BMI American women (Assel et al., 1993; Kalhan et al., 1997) . There were also differences in the proportional contributions of gluconeogenesis and glycogenolysis toward glucose production. In the present study gluconeogenesis and glycogenolysis contributed almost equally to glucose production in both trimesters. In a study conducted by Kalhan et al. (1997) , gluconeogenesis contributed 72 and 76% of glucose produced in first and second trimesters, respectively. However, these differences could be due to different gluconeogenesis measurement technique or the longer 16 h fast in that study. It is also possible that the faster glucose production could simply be due to the smaller body weight of the Indian women, but if the average weight of the American women studied by Kalhan et al. were adjusted to 49 kg, which was the average weight of the normal-BMI Indian women in our study, whole-body glucose production would be 534 mmol/min at the first trimester, a value that is still B18% lower than the 650 mmol/min of our normal-BMI Indian women. On the other hand, it is possible that this difference in glucose production is due to the markedly higher contribution of carbohydrate to the dietary energy of the Indian women (65%) compared to that of the American women (45-50%).
Finally, the finding that the low-BMI subjects consumed more energy and protein at the first and second trimesters and delivered more normal weight babies than the normal-BMI group suggest that dietary supplements of energy and protein might improve pregnancy outcome in those populations of undernourished, poor women who do not have access to extra food during pregnancy.
